Introduction
Engine downsizing, which involves the use of a smaller engine that provides the power of a larger engine, is currently being explored by engine designers to improve fuel efficiency and, consequently, emissions performance. In order to provide a more fuel-efficient downsized engine with similar performance to a larger engine, a turbocharger or supercharger is usually required to increase the density of the inlet air. However, supercharging and the use of high compression ratios are currently limited by the problem of engine knock. 1 There is therefore a strong interest in using fuel components with high anti-knock qualities as blending agents (octane boosters) 1 as well as a renewed drive, within the research community, to better understand the autoignition and knock behaviour of alternative fuels for the purpose of optimising engine design and control strategies. Bio-derived alcohols are considered as viable blends for petroleum derived fuels due to their potential to improve the octane and emission performance of fossil-derived fuels. 2 The similarity of their physical and chemical properties to those of fossil-derived fuels make them compatible with modern engines, particularly when used in blends. 2, 3 This means that fewer modifications have to be made to existing hardware, and additional costs for infrastructure and maintenance can be lower than for other biofuels.
Ethanol has been used extensively and can be used at low blending ratios with gasoline without requiring engine modifications. Butanol isomers have been less commonly used in practice, but may offer the potential for higher blending ratios due to better similarity of their properties to gasoline than ethanol.
In a spark ignition (SI) engine, combustion is initiated towards the end of the compression stroke with the spark discharge from a spark plug. Once the fuel air mixture around the spark plug is ignited by the spark, a flame kernel is formed and it gradually evolves until it becomes a fully developed self-sustaining premixed flame front. The latter propagates across the entire combustion chamber volume [4] [5] [6] [7] compressing the unburned mixture ahead of it to higher temperatures and pressures. Under normal non-knocking combustion, the unburned mixture (the end gas) is completely consumed by the advancing flame front before the chemical reactions in the end gas are able to develop to the point where autoignition occurs. Under abnormal (knocking) combustion, the advancing flame front together with the moving piston, compresses the end gas to high pressure and temperature (P-T) conditions sufficient to accelerate the chemical reactions in the end gas at locations remote from the spark plug so that a spontaneous ignition (autoignition) of the end gas occurs. 8 Following the autoignition and rapid consumption of the end gas, sonic pressure waves are generated from the autoignition spot which further interact with the flame front to produce very high frequency pressure oscillations within the engine cylinder. 8 The resulting high pressure oscillations impinge on the engine cylinder walls causing vibration and a sharp audible (pinging) sound generally referred to as knock. 4 Engine knock is a highly undesirable combustion phenomena because, apart from the discomfort it brings to vehicle drivers and passengers, it can lead to serious damage of the engine hardware and loss of power.
While a number of engine studies investigating the pollutant emissions of n-butanol and ethanol blended with gasoline have been reported, 9-17 only a very limited number of such studies have addressed the autoignition and knock onsets of the above alcohols when blended with gasoline. [18] [19] [20] [21] Moreover, research investigating the influence of the particular biofuel n-butanol on the autoignition and knock properties of gasoline under well-controlled supercharged engine conditions applicable to modern downsized engines are rare, and this provides a stimulus for the present work. Wider penetration and sensible use of biofuels and their blends with gasoline in internal combustion engines requires a thorough understanding of their properties and the effect of their use in terms of their autoignition and knock behaviour under a wide range of conditions. This could be effectively realised through computer modelling and analysis, were accurate representation of the fuel oxidation processes to be possible within practical engine models. Because gasoline composition is complex, a surrogate is required to represent gasoline within the context of computer modelling when investigating it either in isolation or under blending with bio-derived alcohols. 22, 23 Therefore, a major question that needs to be answered is whether a surrogate mixture of only a few components may accurately represent the autoignition and knock behaviour of a typical complex research grade gasoline. Therefore, in this work, a surrogate developed to represent a complex gasoline has been tested in isolation, as well as under blending with n-butanol under well-controlled conditions in the Leeds University Ported Optical Engine (LUPOE). Results are compared with neat gasoline thus deriving data sets for the autoignition and knock of gasoline and a gasoline/n-butanol blend for model validation and improvement. The experiments studying the impact of n-butanol blending on the combustion, autoignition and knock properties of gasoline were carried out in the LUPOE under supercharged conditions for stoichiometric fuel-air mixtures at intake temperature and pressure conditions of 320 K and 1.6 bar, respectively, for a range of spark timings of 2 °CA-8 °CA bTDC (crank angle degrees before the top dead centre). The evaluation of a chemical kinetics model for the blends is also presented in a companion paper of this Special Issue through simulation of the experimental results reported here.
Methodology

The LUPOE-2D research engine
The Leeds University Ported Optical Engine, Mk II with a Disc-shaped combustion chamber (LUPOE-2D) developed by Roberts and Sheppard 24 was used for acquiring all engine data presented in this work. The LUPOE-2D engine is a single cylinder research engine with uniform in-cylinder turbulence in the combustion chamber. The overhead train system was replaced with two diametrically opposed rectangular intake ports to allow for full-bore optical access. The dimensions and inclination of the ports were chosen so as to minimise large-scale flow features such as swirl and tumble. The exhaust gases are purged through two rings of circular exhaust holes drilled around the liner, see Figure 1 . In order to control the charge composition and avoid dilution with trapped residual exhaust gases, the engine is operated in a skip-firing mode with the cylinder flushed with fresh mixture during the cycles with skipped ignition. While LUPOE has a full-bore top quartz window ( Figure 1 ) for high speed filming, in this work a metal blank was used instead of quartz for all experiments since the focus was on investigating engine knock at high pressures entailing the risk of damaging the optical head. A spark plug located in the centre of the cylinder head was employed for igniting the fuel mixture. The main specifications of LUPOE-2D are given in Table 1 while a cross sectional view of the engine is shown in Figure 1 . experiments were performed with the temperature of the intake set to 50 °C.
Engine control and data acquisition system
The control system employed in LUPOE was a bespoke control system designed and implemented by Ling. 25 digital PCI card. Re-sampling of the original data with respect to crank angle was accomplished with the help of a MATLAB code. The raw pressure data was cut into individual cycles using the BDC signal location as the reference point, allowing both the firing cycles and motoring cycles to be identified. The effect of noise in the analogue pressure signals of each firing cycle was eliminated using a low pass 2 nd order Butterworth filter with a cut-off frequency of 2 KHz, while the built in-MATLAB function 'filfilt' was subsequently applied to ensure a zero phase shift. The peak pressure of each firing cycle is given by the maximum value of the pressure cycle filtered by a low-pass filter. When the low pass filter was not applied, it was therefore possible to identify the condition under which knock was present.
Fuels and test procedure
A total of four fuel mixtures, tested previously in the Leeds RCM 26 were also tested in the current experiments using LUPOE-2D. These included a reference commercial gasoline of formulating the TRF surrogate is described in Agbro et al. 26 . There are a number of properties relevant to combustion in engines, such as air-fuel ratio (AFR), calorific value, laminar and turbulent flame speed and ignition delay at p-T conditions of the fresh gas. Using a threecomponent surrogate, only three properties can be matched. Here, RON is taken as a proxy measure of ignition delays and H/C ratio as parameter to characterise energy release and AFR. Comparisons of turbulent flame speeds can be performed a posteriori as will be discussed later in the paper. The components and composition of the reference gasoline, supplied by Shell Global Solutions, are given in Table 2 under reference PRF801a, alongside the composition of the formulated TRF surrogate. The various properties of the reference gasoline and the formulated surrogates such as the RON, motor octane number (MON), hydrogen-carbon ratio (H/C) etc., as well as the calculated composition of the blended surrogate can be found in Agbro et al., 26 and selected properties are repeated here in Table 2 . Throughout the experiments, LUPOE-2D was operated at a speed of 750 RPM at an initial charge temperature of 323 K, a pressure at the beginning of the compression stroke of 1.6 bar and an equivalence ratio of 1. These conditions can be interpreted using an effective octane number known as the octane index (OI) pioneered by Kalghatgi 27 as an empirical extrapolation of standard fuel test results to modern strongly supercharged engines:
where S = RON-MON is the sensitivity of the fuel and the engine dependent parameter K is determined from the charge temperature T15 at which the pressure in the compression stroke reaches 15 bar:
The temperature in the compression stroke for the present experiments was calculated taking into account the heat losses to the cylinder walls 28 as shown in Figure 2 . A combination of a skip firing ratio of 20 and 14 fuelling cycles (i.e. fuel was not injected in 6 of the cycles) was found to produce autoignition free operation during the compression phase, while also allowing cylinder volume to be properly purged of exhaust gas residues from the firing cycle. The spark timing was gradually advanced by 1 °CA beginning from 2 °CA bTDC until the knock boundary was identified. The knock boundary was taken as the spark timing at which knock occurred in over 90 % of the total firing cycles. 25 The knock boundaries so determined were: 6 °CA bTDC for gasoline, the gasoline/n-butanol blend and the TRF/n-butanol blend, but only up to a limit of 4 °CA bTDC for TRF. The spark timing was further advanced above the knock boundary until the peak pressure recorded in the cylinder was within the allowable peak pressure limit of 120 bar which the cylinder head is able to withstand.
Across the range of spark timings investigated for each fuel mixture and set of tests, knocking cycles were identified by listening to the audible pinging sound caused by impact of the pressure waves on the piston (audible detection by the ear alone) and from the recorded pressure traces. The data acquisition system allowed a continuous registration of 13 firing cycles in a row. Strong knock occasionally led to an increase of the engine wall temperature requiring interruption to bring it back to normal. Overall, a total of three series or 39 firing cycles were captured for each set of conditions.
Determination of autoignition and knock in LUPOE-2D
The knock properties of a fuel mixture undergoing combustion in an engine can be characterised using two key properties namely, the knock onset and knock intensity. 29 In this study, the method described in Liu 30 , was employed to determine the knock onset location and knock intensity from measured in-cylinder data.
As illustrated in Figure 3 , the knock onset position is given by the first prominent point of inflection on the measured pressure trace which leads further into a series of pressure fluctuations. The point of inflection is determined by computing the rate of change of the pressure gradient with crank angle travelled (θ) over any three points on the pressure data using the equation to give the knock onset (KN) in CA degrees:
where According to Ling 25 knock happens later than the point of the onset of autoignition. In his work, combustion imaging from a fast camera was used to distinguish between the two by superimposing and comparing both the autoignition onset detected by imaging, with the simultaneously recorded knocking pressure trace, and a systematic crank angle difference between the two events was about 0.2 °CA which is deemed to be negligible for the present work. Since the study of combustion using imaging was not used in this work, and since autoignition onset is the key parameter being predicted in the related simulations, the knock onset calculated from the pressure data was considered to be the same as the instant of the endgas self-ignition.
(a) (b) the unburnt charge temperature.
The peak pressure value is a proxy measure for the burning rate for fuels of comparable calorific value. 22, 25, 34 The 20% n-butanol/gasoline blend showed higher burning rates and higher peak pressures compared to gasoline, TRF and the TRF/n-butanol blend, see Figures 5 and 7. The faster burning velocity of the gasoline/n-butanol blend can be attributed to the impact of the 20% by volume of n-butanol in the mixture as alcohols have been generally reported 23, 34 to display higher burning velocities compared to iso-octane and toluene. 35 The TRF surrogate showed slightly lower burning velocities and consequently lower rates of pressure rise compared to the reference gasoline ( Figure 7 ). Looking at the composition of the TRF mixture presented in section 2.4 (Table 2 ), nearly ninety percent by volume of the mixture comes in the form of the slower burning iso-octane and toluene and this is likely to influence the burning velocity of the TRF as well as the absence of components such as ethanol and olefins which are present in the reference gasoline at about 5 % and 8 % by volume, respectively. However, it may be seen that addition of the n-butanol does not change the turbulent flame speed to any appreciable amount, and thus the difference in the knock onset is likely to be attributable to chemical kinetics effects. Investigation of the spark discharge showed that the energy was consistent across the four fuels and therefore is unlikely to be the cause of any differences in peak pressures. The n-butanol has a volumetric combustion enthalpy, approximately 20% lower than any other TRF component and therefore the final pressure at the end of combustion at constant volume will be lower for TRFB20. The decrease in the final pressure in an engine is not linearly proportional to the decrease in calorific value as it is partially offset with faster burning so that the combustion is completed within a smaller volume earlier in the expansion stroke, see Figure 4 . For the cycles with a turbulent burning rate that is slower than the average, the combustion ends later in the expansion stroke, see Figure 4d . In this case, peak pressure decreases due to the slightly lower calorific value of TRFB20 and a larger part of the combustion volume becomes significant and affects the average cycles shown in Figures 5 and 6 . At a later spark timing of 4 °CA bTDC (Figure 6 ), the TRF mixture displayed initially a slightly higher burning rate (i.e. higher peak pressure) compared to the other fuel mixtures due to the influence of knock. Figure 8 presents the cycle-by-cycle analysis of the peak pressures as a function of the crank angle at which they occur at a spark timing of 2 °CA bTDC. In general, the relationship between the measured peak pressures and the crank angle of occurrence is linear across the set of fuels investigated with the higher peak pressures occurring at a corresponding earlier crank angle. 31 It is worth noting that addition of n-butanol to gasoline reduces the magnitude of the cyclic variability in the peak pressure. The averaging of the pressure curves shown in
Figs. 5 and 6 is done at a fixed value of the crank angle, and therefore a reduction in the variability will slightly increase the average pressure curve around its peak value adding to the already discussed effects of slightly larger burning velocities.
In order to compare the magnitude of variability in the set of peak pressures collected under normal combustion, the coefficient of variation (COV) of the peak pressure for the 39 cycles recorded at a spark timing of 2 °CA bTDC for each of the four fuels has been computed and is presented in Table 3 . The COV is given by the ratio of the standard deviation to the mean of the data. Although the TRF surrogate reproduces the range of peak pressures of the reference gasoline reasonably well as shown in Figure 8 , the degree of cyclic variability is higher compared to gasoline, see Table 3 . While a higher disparity exists between the ranges of peak pressures measured for the gasoline/n-butanol blend and the TRF/n-butanol blend (Figure 8 ), compared to that between gasoline and TRF, the coefficient of cyclic variability (Table 3 ) between the blends is fairly close. Interestingly, the cyclic variability of the measured peak pressures for the gasoline/n-butanol blend and the TRF/n-butanol blend are lower than those of gasoline and TRF respectively (Table 3) , indicating the impact of blending on cyclic variability. Minimal cyclic variability is desired in engine operation as a high cyclic variability has the potential to narrow down the engine operating range as well as reduce engine performance. 
Measured combustion properties of gasoline, TRF and their surrogates under knocking conditions
The study of fuel effects on the knock boundary performed for the set of chosen fuels under similar engine conditions and described in section 2.4 showed an earlier knocking regime for the formulated TRF compared to the other three fuels. While gasoline exhibited a similar knock boundary (i.e. spark advance of 6 °CA bTDC), with the blended fuels, for the TRF a knock boundary of 4 °CA bTDC was recorded.
Measured in-cylinder pressures
Typical knocking pressure cycles for the four fuels recorded at a later spark timing of 8 °CA bTDC are presented in Figure 9 while the mean pressures based on the cycles shown in Figure 9 for each of the fuels are compared with one another in Figure 10 . Similarly to the the TRF curve in Figure 6 , the thin/coloured portions of the curves in Figure 10 show the part of the averaged pressure curves affected by the rapid pressure rise caused by the autoignition of the end gas. One may see that all four mixtures are affected in this case; only the part of the pressure curve shown as a bold line could be used for chemical kinetic simulations. Even though in this case, the peak pressure is no longer a reliable proxy measure of the burning velocity, the latter can be inferred from the rate of the pressure rise prior to knock. Similarly to the results obtained under non-knocking conditions, the gasoline/n-butanol blend exhibited the fastest pressure rise and burning velocity with the highest mean pressure while the mean pressure of the TRF/n-butanol blend (TRFB20) is lower than that for the rest of the fuels due to a combination of the effects of the slightly lower calorific value of n-butanol and a larger cyclic variability resulting in a greater proportion of slow-burning cycles, see Figure 8d and the discussion in section 3.1. Here, we see that at the later spark timing of 8 °CA bTDC, the mean pressure of the TRF mixture ( Figure 9 is in very good agreement with that of gasoline and only slightly higher indicating that the disparity between gasoline and the formulated surrogate reduces as the spark timing is well advanced. 
Measured knock onsets and knock intensities
The knock onsets and knock intensities exhibited by the four fuels across the knocking conditions tested were computed from the measured pressure data using the method described in section 2.6. Figures 11 and 12 show the statistical variation of the knock onsets as well as a comparison of the knock onsets for the four fuels at spark timings of 6 °CA bTDC and 8
°CA bTDC. At a spark timing of 6 °CA bTDC (Figure 11 ), the TRF fuel knocks earlier than the reference gasoline and blended fuels while the ULGB20 blend knocks slightly later than gasoline (ULG). This indicates that blending an oxygenated fuel such as n-butanol with gasoline could possibly lead to improvement in the knocking performance of gasoline. The results obtained here at the later spark timing of 6 °CA shown in Figure 11 , are in agreement with the findings within the RCM 26 where, across the temperature range of interest, the ignition delays for TRF are slightly shorter compared to those of the reference gasoline.
Similar to the result observed under normal combustion in terms of variation in peak pressures, the spread in knock onset is slightly larger for TRF and slightly smaller for ULGB20 compared to gasoline. At a later spark timing of 8 °CA bTDC (Figure 12 ) where the in-cylinder pressure and temperature are higher, the TRF also knocks earlier than gasoline, but the difference between the knock onsets of the earliest knocking cycle, as well as the mean knock onsets of both fuels, is considerably smaller compared to that recorded at a spark timing of 6 °CA bTDC ( Figure 11 ). Whilst temperature measurements were not made in the engine experiments, a parallel modelling study (see companion paper in this volume)
indicates temperatures during the early period of the first stage heat release to be ~750 K for the earlier spark timing of 6 °CA and ~800 K for the later spark timing of 8 °CA bTDC. In the RCM study 26 , better agreement was obtained for measured ignition delays at around 800 K compared to lower temperatures. Even small differences of 1-2 ms in RCM ignition delays translate into tens of CA degrees difference in knock onset in the SI engine which makes the development of suitable surrogates challenging. Based on the results obtained in this study, it is clear that compared to gasoline, the formulated TRF would lead to a reduction in the knock limited spark advance (KLSA) as well as a decrease in the power output from the engine. The TRF/n-butanol blend gave better agreement with the gasoline blend for the lower temperature conditions at the later spark timing than for the earlier spark timing. Consistent trends between the TRF and gasoline are shown in terms of increasing the CA of knock onset in Figure 11 on the addition of 20% nbutanol. This is consistent with the ignition delays measured in Agbro et al. 26 where better agreement between the reference gasoline and formulated TRF was obtained for the blends under lower temperature conditions, where the addition of 20% n-butanol increased the ignition delay times. One caveat in comparing the RCM data obtained at 20 bar with the results from the engine studies is of course differences in pre-knock pressures, although the sensitivity analysis carried out for the RCM study highlighted that the main pressure dependent reactions are within the hydrogen kinetic scheme and are not fuel specific. In the higher temperature and NTC region, the addition of 20% n-butanol lowered the delay times in the RCM, which is consistent with the trend in the gasoline data at the earlier spark timing seen in Figure 12 , but not the TRF data. In the temperature region of 800-850 K, the RCM data show a crossing in the ignition delay curves for the TRF/gasoline and n-butanol with the blends sitting in between. Matching the exact cross over temperature of gasoline using the surrogate proved to be difficult and this appears to translate into difficulties in matching the gasoline trends on blending at the more advanced spark timings. Increasing the number of components used in the formulation of the surrogates would be an interesting avenue for further research, with the behaviour of the surrogate in this cross over region of critical importance. However, some departure from a strict linear dependency should be expected because the auto-ignition sites appear at random locations, 25 and the location of the auto-ignition site affects the knock amplitude. 8 Figure 14 also depicts a linear relationship between the incylinder peak pressures and knock onsets. The level of scatter in the measured knock intensity ( Figure 13 ) is higher than that in the measured peak pressure ( Figure 14 ) and this is due to the difficulty in the analysis of the amplitude of the pressure waves caused by autoignition of the end gas. The addition of n-butanol strongly diminishes the knock intensity of the TRF but less so for the gasoline. In both figures, the knock intensity and peak pressures generally increase as the knock onsets decrease, i.e. as the point of autoignition of the end gas advances towards top the dead centre (TDC). This is understandable since the closer the pressure waves are to the engine top cylinder, the higher the impact (intensity) they are expected to have on the metallic top cylinder surface. Similar to the trend observed for the cyclic variation of peak pressures measured under normal combustion, it is also clear from is shown for the non-TRF fuels at those conditions. Also, as mentioned in Section 2.4, no knock data was collected for TRF above the spark timing of 8 °CA bTDC in order to avoid damaging the engine cylinder head due to the excessive in-cylinder pressures developed at those conditions. Across all fuels, delaying the spark timing advances the knock onset location away from TDC ( Figure 15 ) and consequently leads to a reduction in the impact (intensity) of knock ( Figure 16 ). Also, delaying the spark timing leads to a reduction in the incylinder peak pressure ( Figure 17 ). However, if the KLSA is later than the maximum brake torque (MBT) timing required to produce the MBT, then the engine performance will be limited by knock. This is where the role of anti-knock fuels such as ULGB20 and TRFB20
becomes very crucial in pushing the spark advance towards the MBT timing while at the same time avoiding the problem of knock. The results shown in Figures 15-17 also clearly indicate that at later spark timings (corresponding to lower temperatures in the engine), the TRF does not seem to be a good representation of gasoline for the pure fuels, possibly reflecting the lower OI as shown in Table 2 . At the more advanced spark timings, the use of the surrogate TRF tends to exaggerate the effect of butanol in delaying the knock onset. 
Conclusions
In this work, experimental data of autoignition (knock) onsets and knock intensities of gasoline, a TRF, gasoline/n-butanol and TRF/n-butanol blends were measured using the Leeds University Optical Engine (LUPOE). The work showed that in contrast to a previous study 26 of ignition delays within an RCM, where the chosen 3-component TRF surrogate was seen to capture the trend of the gasoline data well across the temperature range of 678-858 K, it appears that the chosen TRF may not be an altogether excellent representation of gasoline in the context of simulating combustion under practical engine conditions since the knock boundary of TRF as well as the measured knock onsets at a lower spark timing of 6 °CA which corresponds to the NTC temperature region of the RCM, are significantly lower than those of gasoline. In this particular study, the use of a three component surrogate allowed the matching of the RON and H/C ratio. In order to allow matching both RON and MON as well as H/C ratio, additional surrogate components would need to be added which adds to the complexity of any potential chemical kinetic mechanism used to simulate the chemical processes occurring in the engine. Should an oxygenate such as ethanol be used as an additional component then the O/C ratio would then also be a target for matching. Developing a more complex surrogate using for example, 5 components, and may improve the agreement with the gasoline data, but this is not a given and would require further study.
Although the gasoline/n-butanol blend knocked the latest at the later spark timing of 6 °CA bTDC, its anti-knock enhancing quality on gasoline however disappears at the more extreme (P-T) conditions of the engine (at later spark timings). Future studies exploring the blending effect of n-butanol across a range of blending ratios is required since it is difficult to conclude on the overall effect of n-butanol blending on gasoline based on the single blend that has been considered in this study. The study therefore showed that while n-butanol holds some promise in terms of its knock resistance performance compared to gasoline, its application as an octane enhancer for gasoline under real engine conditions may be limited.
